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Abstract. We study the structure of local baryon fields using the method of QCD sum rule. We only 
consider the single baryon fields and calculate their operator product expansions. We find that the octet 
baryon fields belonging to the chiral representations [(3, 3) © (3, 3)] and [(8, 1) © (1, 8)] and the decuplet 
baryon fields belonging to the chiral representations [(3, 6) © (6, 3)] lead to the baryon masses which are 
consistent with the experimental data of ground baryon masses. We also calculate their decay constants, 
check our normalizations for baryon fields in Ref. [1 and find that they are well-defined. 
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1 Introduction 

Quantum Chromodynamics (QCD) has an interesting prop- 
erty called the spontaneously breaking of the chiral sym- 
metry. This effect is important to explain the origin of the 
masses of hadrons. The chiral symmetry itself is impor- 
tant, and has been studied by lots of physicists for more 
than fifty years, even before QCD became the theory of 
strong interactions [^[^l4l[^l6ll7l^[TrTlP1[T^[T^[T4l[TH] . 

In Ref. [2J, S. Weinberg pointed out that the algebraic 
aspects of chiral symmetry are worth studying. Follow- 
ing his idea, we have classified the baryon fields which 
are composed by three quarks |16j . We note here that 
some identities for baryon currents have been studied by 
B. L. Ioffe, Y. Chung, D. Espriu and D. B. Leinweber, 
etc. [TW2tl2TllTTl[T%l . To use the quark fields, we have 
considered their flavor structure, color structure and the 
Lorentz structure, where the chiral symmetry can be nat- 
urally included. We have verified that there are altogether 
one flavor singlet baryon field, three flavor octet baryon 
fields and two flavor decuplet baryon fields in the limit 
of local interpolating fields. These fields are independent 
as well as complete to describe all the local three-quark 
baryon fields. The possible chiral representations are [(3, 3)( 
(3, 3)] (containing one flavor singlet field and one flavor 
octet field), [(8,1) (1,8)] (containing one flavor octet 
field), [(6,3) © (3,6)] (containing one flavor octet field 
and one flavor decuplet field) and [(10, 1) (1, 10)] (con- 
taining one flavor decuplet field) . We have also studied the 
axial coupling constant gA and the masses due to the mix- 
ing of different chiral multiplets using a "simple" algebraic 
method [IB] . 

In this paper we try to study the masses of the baryon 
ground states, using these baryon fields but with a dif- 
ferent method, the method of the QCD sum rule. Since 
all the local baryon fields have been classified in Ref. [TB] , 



we can use them straightforwardly to perform the QCD 
sum rule analysis. The baryon state can be decomposed in 
terms of a Fock space expansion as three quarks {\qqq)), 
five quarks (\qqqqq)), etc. Even for the three-quark com- 
ponents, there can be more than one structures. For ex- 
ample, three are three independent octet baryon fields, 
all of which can couple to the octet baryon states, like 
proton. A proper combination of these fields may couple 
to the baryon ground octet state in an optimize way. We 
have also found in Ref. 1 that the mixing of different 
chiral representations is important to explain the physi- 
cal baryon masses. However, the single baryon field itself 
can also couple to the relevant baryon state, as long as it 
exists in the Fock space expansion. Therefore, as a first 
step, in this paper we use the single baryon fields to per- 
form the QCD sum rule analysis. It is our next task to 
study their mixing . We note that this subject has been 
studied by many authors, but the baryon fields used are 
different [I^[20lETlE21[2il[251E3l E6 l [? n [28 l . Those used in 
the Lattice QCD calculations are also different [251I3TJ1I3T) . 
This paper is organized as follows. In Sec.[2Jwe rewrite 
the baryon fields of Ref. [TB] to a proper form which we 
can use to perform the QCD sum rule analysis in the next 
' section, Sec. [3] The full results of operator product expan- 
sion (OPE) are shown in Appendix. [S] and the simplified 
results are shown in Sec. EJ which are in the SU(3) limit 
and after assuming m q — 0. In Sec.[5]thc numerical results 
are obtained for their masses. Sec.|5]is a summary. 



2 Baryon Fields 



In Ref. [TMT] we have classified the baryon interpolating 
fields as local products of three quarks according to their 
flavor structure and chiral structure. Here we use the chiral 
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symmetry group SU(3)l ® SU(3)r to show our previous 
results and transform them to a proper form which we can 
use to perform the QCD sum rule analysis. We note that 
the notations and normalizations both follow Ref. pQ. 

The flavor representations of baryon fields composed 
by three quarks can be singlet, octet and decuplet: 



3©3©3 = lffi8ffi8©10. 



(1) 



while the revelent chiral representations can be [(1, 1) © 
(1,1)], [(3,3)9(3,3)], [(8,1)9(1,8)], [(6,3)ffi(3,6)] and 

[(10,1) ©(1,10)]: 

[(3,l)ffi(l,3)] 3 (2) 

3 [(1, 1) © (1, 1)] © [(3, 3) © (3, 3)] © [(8, 1) © (1, 8)] 
©[(6, 3) © (3, 6)] © [(10, 1) © (1, 10)] . 

In Ref. [TB] we have found that there is one baryon field 
for each chiral multiplet except [(1,1)© (1,1)]. They are 
Dirac spinor fields: 



their chiral representations. We find that a simple baryon 
field always contains two or more chiral components, for 
example, e abc {u^Cdb) 75 u c contains both [(3,3) © (3,3)] 
and [(8, 1) © (1, 8)] components. The three exceptions are 
e abc (ulC lfi u b )u c , e abc (dlC lfi d b )d c and e abc { S T a C lllSb ) Sc 
which all belong to the chiral representation [(6, 3)ffi(3, 6)] . 



2.1 Chiral Multiplet [(3,3) © (3, 3)] 

We use rj to denote the baryon fields belonging to the 
chiral multiplet [(3, 3) © (3, 3)], which contains one flavor 
singlet and one flavor octet. The interpolating field for the 
singlet baryon A\ is 



2V2 



(8) 



j(3,3)^l f = A 



2^2 

7f 



n/3 

4V2 

7f 



ABC I aT n b \ c 
tabct {qA kfe)759c 

e abc (u a r Cd b j 5 s c - u^Cs b -f 5 d c + d^Cs b -f 5 u c ) 



tabce (Ma L-te)75 9c- 



(3) 



j( 3,3)^ 8/ = N N = N N _ N N ^ 
j(S,l)-«, = N N = N N + N N ) 

the Rarita-Schwinger's vector-spinor field: 

j( e,a)-*, s n n = €abc e ABD \ N DC { q f Cl » l5q b B )l 5 <lc 

+ ^75«-<), (4) 

r(6,3)^10 f _ aP , qABC ( „aT s~f„, b \ c 

J y f = \ =e abc b P (q A G7 M g B )g c , 

and the antisymmetric-tensor-spinor field: 

T(10,l)-J-10 f _ aP c qABC (aT n „ b \ c fr\ 

J y ' ' T = A^ = e abc b P (q A C <7p V q B ) 75 q c (&) 
where N^ and N^ 1 are 

titN ABD^N 1 aT f-i b\ c f a \ 

N x = e abc e \ DC (qA <-9s)75<?c > ( 6 ) 

AT N «r C ABD\N („aT r < rsl b\c 

iV 2 = e abc e A z?c (g A C7 5 g B )g c . 

These interpolating fields are composed by three quark 
fields. The quark field q is a flavor triplet and contains a 
color index: 



The interpolating fields for the octet baryons belonging to 
the chiral representation [(3, 3) © (3, 3)] are 



'/' 



P = N P 



N? - iN\ iV 2 4 - ml 



q a A G q a = («« , d a , s a y ; 



(7) 



In these baryon fields the summation is taken over re- 
peated indices (a, b, c for color indices and A, B, ■ ■ ■ for 
flavor indices). Indices a, A, ■ ■ ■ take values 1 • • • 3, N takes 
values 1 • • • 8, and P takes values 1 • • • 10. Sp BC is the to- 
tally symmetric tensor, e ABC is the totally anti-symmetric 
tensor and A N is the Gell-Mann matrices. 

To perform the QCD sum rule analysis, we need to sum 
over flavor indices. We show the explicit forms of these in- 
terpolating fields in the following subsections according to 



V2 V2 

= 2V2e abc (u^Cd b j 5 u c - ulCj 5 d b u c ) , 
77" = NH = 2V2e abc (ulCd bl5 d c - u T a C l5 d b d c ) , 
rf = N s = 2\f2e abc {u a r Cs b "f b u c - v%Cj 5 s b u c ) , 
r) s ° = N s " = 2e abc (dlCs blb u c + u T a Cs blb d c (9) 

- d^C^SbUc - u^C^Shdc) , 

V S- s N s~ = 2V2e abc (d r Cs b j 5 d c - d T a C l5 s b d c ) , 
i]~ = TVr = -2V2e abc (u a r Cs b j 5 s c - u^C^ShSc) , 

r) a = N° = -2V2e abc (dlCs b j 5 s c - dICjsShSc) , 
V A 8 s N A S = J_ eabc (2d T a Cs bl5 u c - 2u T a Cs bl5 d c 

- Au^Cd b ^ 5 s c - 2d a r C^ 5 s b u c 
+ 2ulCj 5 s b d c + AulCj 5 d b s c ) . 



2.2 Chiral Multiplet [(8, 1) © (1,8)] 

We use £ to denote the octet baryon fields belonging to 
the chiral representation [(8,1) © (1,8)]. The interpolat- 
ing fields for the octet baryons belonging to this chiral 
representation are 



e^K 



N? - iNl Nl - iN. 



V2 V2 

= 2V2e a bc(u^Cd b j 5 u c + u^C^dhUc) , 

e n = N% = 2V2e abc (v%Cd b j 5 d c + u T a C lb d b d c ) , 

£, s+ = Nf + = 2V2e abc (u a r Cs bT oU c + u T a C lb s b u c ) 
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^° = Nf" = 2e abc (d T a Cs blb u c + u T a Cs blb d c (10) 

+ d^C^ 5 SbU c + UaCj 5 Sbd c ) , 

£ £ ~ = N*~ = 2^2e abc (d T a Cs bl5 d c + d T a C l5 s b d c ) , 

£- = N~ = -2\/2e abc (u a r Cs b "f b s c + u^Cj 5 s b s c ) , 
£- = N^ = -2v / 2e a6c (df Csf,7 5 s c + d^Cj 5 s b s c ) , 
f 18 = N*° = ±= €abc (2d T a Cs blb u c - 2u T a Cs bl5 d c 

- 4M^Cd 6 7 5 s c + 2d a r C"/ 5 s b u c 

- 2u^C7 5 s b ii c - 4u^Cj 5 d b s c ) . 



2.3 Chiral Multiplet [(6, 3) © (3, 6)] 



We use ip to denote the baryon fields belonging to the chi- 
ral representation [(6, 3) © (3, 6)], which contains one fla- 
vor octet and one flavor decuplct. The interpolating fields 
for the octet baryons belonging to the chiral representa- 
tion [(6,3)© (3,6)] are 



The interpolating fields for the decuplet baryons belonging 
to the chiral representation [(6, 3) © (3, 6)] are 

< ++ = 4 = -V3e abc ul CV*6U C , 
< + = A\ = -e abc uJC^u b d c - 2e abc uJC^d b u c , 
4>f = 4 = -2e abc u T a C ltl d b d c - e abc dlC^d b u c , 
tfT = A\ = -V3e abc dlC^d b d c , 

i>f + s4j= - £ a6c ^C 7 ^ hSc - 2e abc uJC^ Sb u c , (12) 
V-f ° = Al = -^e abc u T a C lt >d bSc - V2e abc ulC^s b d c 
- V2e abc d T a C lllSb u c , 



£*- 



A; = -e abc di C^d b s c - 2e abc di C^s b d c , 
4>f =Al = -2e abc u T a C lliSb s c - e abc s T a C lliSb u c , 
tf~ =Al = -2e abc d T a C lliSb s c - e abc s T a C ltl s b d c , 
^ = A™ = -s/Ze ahc s T a C llx s b s c , 



2.4 Chiral Multiplet [(10, 1) © (1, 10) 



N a - iN u 



£-abc 



V2 
(4wf C7 M 7 5 (i b 75W c + ulCd b j^u c 



V2 

- v^C^d^^u, 



(-ah 



C = m = ^( 4m ^C 7m 754754 + u T a Cd bl ^d c 



" ~"" " V2 

- Ua C l5db7nl5d c 



.T 



i>Z' = N u = ^('lulCj^Sh^Uc + ulCs^i^i 



u a C75«67a»75Mc 



< 



N 



S° £q6c / . jr 



(4d^C7 M 75S b 75U c + dlCshj^Uc (11) 

- d^Cj 5 s b j^ 5 u c + 4^0^7556754 
+ ul Cs fc 7 M d c - u^ Cj 5 s b -f^ 5 d c ) , 

^T = A^ _ = ^|(4^C 7M 75S b 754 + ^C S67 p4 



<CC75S67^7 5 dc) , 



e a &c 



^m" = ^m = ^ ( ~ ^ u l c 1^5S b j 5 s c - ulCs^^Sc 



+ ulC-/ 5 s b j^ 5 s c ) , 



V* 



M - ^ = ~j= ( ~ 4d I C7m75S675S c - dlCsh-f^s, 

+ <CC75S67^75Sc) , 

'■ - vU - ( "'' c (4^C7^75S675Wc + ^Cs 6 7^ Wc 



^ " 2V3 



d^C75S 6 7 M 7 5 u c - 4u^C7 M 7 5 S67 5 d c 

ulCs b j^d c + u^Cj 5 s b j^ 5 d c - 8u^ 6*7^75 475 «c 

2v T a Cd b -i il s c + 2u a r Cj 5 d b j lx j 5 s c ) ■ 



We use (/> to denote the decuplet baryon fields belonging 
to the chiral representation [(10,l)ffi(l,10)]. The inter- 
polating fields for the decuplet baryons belonging to this 
chiral representation are 

1 



\JV^ - V3 



i T a C"i v u b -i 

kA + _ /i2 __ ^abc„,T 



-e abc ulC^u b -f^ 5 u c + -e a6c u r C7 AI u h 7 !y 75U c , 



% =-A^ = e abc uiCa^u bl5 d c 



- 2 e ~ CUa C "/v U bl^5 d c + 2 e " C "« C ln u blvl5d c 



+ ie abc u r Cj f _ t d b -/ u -/ 5 u c , 






~abc„.T 



- ie a c u a Cj u d b j^/ 5 d c + ie a c u a Cj^dhj^dc 
+ e^dlCa^dh^Uc - -£ abc d T a C^ v d b ^^ h u c 

+ ^-e abc dlC lf ,d bl ^ 5 u c , 



-^<; = ~^ A l» = ^dlCa^dblsdc 

- ^ ahc d T a C lv d bl ^d c + l -e abc d T a C ltl d blvlb d c 






-A% v = e abc ulCa^u bl5Sc 



(13) 



-e abc ulC-i v u bl ^ b s c + -e afcc u^C7 M M 6 7„7 5 s c 



i o doc l s~i ■ abc l r~i 

+ 2e u a C(7 tlu s b ^ 5 u c - ie u a G7„s fc 7 M 75 
+ ie abc u a r C"f t _ l s b ^ v ^ 5 u c , 
-y/^C = -V2A* = 2e abc u T a Ca, u d bl5 s c 



Hua-Xing Chen: Chiral Baryon Fields in the QCD Sum Rule 






f.l-V 



- ie abc ulC-f lJ d b ^ ll ^s c + ie abc u r C-/ fl d b ^j 5 s c 
+ 2e abc u a r Ca l , l/ s b j 5 d c - ie abc ulC^sa^ 5 d c 
+ ie abc u^C"f IJ ,s b "f v "f b d c + 2e abc d a r Ca^s b j 5 u c 

- ie aho (%C'y v s b <yp<y 5 u c + ie abc d^C^, J ,s b 'y I/ ^ 5 u c , 
" = -A% = e abc dlCa^d bl5 s c 

- l -e abc d T a C lu d bl ^ lb s c + ^e abc dlC lf ,d bl ^ 5Sc 

+ 2e abc d a r C<j fw s bl5 d c - ie abc d T a C lvSbl ^ lb d c 

+ ie abc dlC lllSblulb d c , 

= -A% = 2e abc uJCa^ Sbl5 s c 

- ie abc ul CjvSbi^Sc + «e a6c urC7 M s fc 7 I ,7 5 s c 



+ e abc slC<r f _ ll/ s b -f 5 u c 



jjhc„T 



s a C"f u s b ~t^ b u c 



+ ^ abc slC ltl s blul5 u c , 

= -A% = 2e abc d^Ca^ Sbj5Sc 

- ie abc dlC-i u s b -i^ 5 s c + ie abc dlC-i^s b -i w ^ 5 s c 

+ e abc slCa^s b -f 5 d c - l -e abc slC lv s bltllb d c 



jibc„T 



1 



ft = -^ A H = z abc ^Ca^s bl5Sc 

- % ^ ahc slC lu s b -i^ b s c + ^e abc slC lp ,s b -i ulb s c . 



3 SVZ sum rules 

For the past decades QCD sum rule has proven to be a 
very powerful and successful non-perturbative method 32, 
I33| . In sum rule analyses, we consider two-point correla- 
tion functions: 

n{q 2 ) = i f d 4 xe lqx (0\TJ(x)J(0)\0), (14) 



where J{x) is an interpolating field (current) coupling to 
a baryon state. The Lorentz structure can be simplified to 
be: 

n(q 2 ) = i x 77 (1 V) + 1 x 77(°V) • (15) 

We compute n{q 2 ) in the operator product expansion 
(OPE) of QCD up to certain order in the expansion, which 
is then matched with a hadronic parametrization to ex- 
tract information about hadron properties. At the hadron 
level, we express the correlation function in the form of 
the dispersion relation with a spectral function: 

1 f°° Imi7«(s) 



n^( q 2 ) = - f 



-ds . 



s — q z — is 



(16) 



where the integration starts from the mass square of all 
current quarks. The imaginal part of the two-point corre- 
lation function is 

ImlTW(s) = ir^Sis - M%)(0\r)\n)(n\rf\0) . (17) 



For the second equation, as usual, we adopt a parametriza- 
tion of one pole dominance for the ground state Y ((0|?7(0)|Y) 
fyvip); where v(p) is the Dirac spinor) and a continuum 
contribution. The sum rule analysis is then performed af- 
ter the Borel transformation of the two expressions of the 
correlation function, (|14l) and (JTT 



n^ ll \M 2 B ) = B M 2 n^( P 2 ) = - / e- s ' M hmn^{s)ds . 
B K J s< 

(18) 
Assuming the contribution from the continuum states can 
be approximated well by the spectral density of OPE above 
a threshold value so (duality), we arrive at the sum rule 
equation 

f 2 e -Ml/M% = 7j( So ,Mi) = I f ° e-^MWfsM) 

Differentiating Eq. p^|) with respect to 1/Mg and dividing 
it by Eq. (fT^|) . finally we obtain 



My 



n{ So ,M%) 



(20) 



In the following, we study Eq. (|T^|) as functions of the 
two parameters, the Borel mass M B and the threshold 
value so- We have performed the OPE calculation up to 
dimension ten. For example, the explicit form of Eq. ([T9"| 
for the baryon field jt 3 * 3 )^ 1 / (= rj Al = A) coupling to the 
flavor singlet baryon Ai is 



fle- M M/^=n^(s ,M B ) 
1 



(21) 



■•<() 



+ 



e 

m s (ss 



a/Mi 



m 2 (9 2 GG) 
96tt 4 

2(qq)(g s sGs) 



32^ 4 

8(qq) 2 



m|_ Ag*GG) ( 2m 8 {qq) 
4tt 4 S ^ 64tt 4 



16(qq)(ss) 



3tt 2 
m s (g s qGq) 



9 9 6tt 2 

1 ( 2{qq){g s qGq) 2(s S )(g s qGg) 

M B \ 9 9 

, m s (s S )(g 2 GG) , 8m 2 s (qq) 2 



1447T 2 



9 



We have calculated the OPEs for all the three-quark baryon 
fields, and the results are shown in Appendix IA1 

The two-point correlation functions JJjxu (sq, M b ) for 
[(6, 3) © (3, 6)] baryons contain two free Lorentz indices \i 
and v, which come from their Rarita-Schwinger relevant 
interpolating fields, such as the octet fields i\j v and ijjf, 
coupling to proton: 

nUq 2 ) = * fd 4 xe^(0\T^(x)i,P(0m , (22) 



To simplify our calculations, we contract these free Lorentz 
indices. For example, we use the following simplified two- 
point correlation for the proton field ip?: 



IPtf) = mjq 2 ) = i / d 4 xe^(0|T^(z)^(0)|0). 



(23) 



Hua-Xing Chen: Chiral Baryon Fields in the QCD Sum Rule 



We do the same procedures for baryon fields belonging to 
the chiral representation [(10, 1) © (1, 10)]. Here we need 
to contract four Lorentz indices: 

IT^V) = ffffiV) (24) 

= i [ d A xe iqx (0\T<f>(x)^„(0)\0) . 



4 OPE in the SU{3) F Limit 

In this section we choose m u = m& = m s = 0, (ss) = (qq) 
and (g s sGs) — (g s q~Gq), i.e., we work in the SU(3) limit 
to see the simplified structures of OPEs. We find that 
the fields belonging to the same flavor multiplet lead to 
a same result in the QCD sum rule (except an universal 
factor which does not affect the final result). However, the 
fields belonging to the same chiral multiplet but different 
flavor multiplets lead to different results. Their gluon con- 
densates are still the same, but their quark condensates 
are different. The latter violate the chiral symmetry, and 
make one chiral multiplet break to several flavor multi- 
plets. The QCD sum rules for the baryon fields belonging 
to each chiral (flavor) multiplet are 



ft 



n 



(10,1) 



>10, 



{so, M%) 



= tt/ 10 ' 1 



(IO.IJ-vIO/ 
IJtu,nu (St),M B ) 

= 9(qq)(g a qGq) 1 

4 M|- 

From these expressions and the detailed OPE shown 
in Appendix El we find that the baryon fields belonging to 
the same chiral representation have the same leading term, 
especially for the singlet and octet baryons belonging to 
the chiral representation [(3, 3) © (3, 3)] as well as the 
octet and decuplet baryons belonging to [(6,3) © (3,6)]. 
This suggests that the normalizations used in Ref. [I] are 
well-defined. 

We also find that the sum rule of the baryon fields 
belonging to the chiral representation (8, 1) © (1, 8) con- 
tain only the gluon condensate. This indicates that the 
(8, 1)® (1, 8)-plet is impervious to chiral symmetry break- 
ing which fact makes it unique among baryon fields. The 
baryon fields belonging to (10, 1)0(1, 10) have OPEs con- 
taining only one condensate which is too simple to perform 
QCD sum rule analysis. This may be because that we have 
contracted all the four free Lorentz parameters as shown 
in Eq. 



/, 



(3,3)^1/ e 

so 



,3.3. i, <-b =7T( 3 ' 3 ^^(so,M 



■■';-: f-^+ ^ GG) \ d S 



L ^32; 



32tt 4 64tt 4 

8(qq} 2 , 2(qq)(g s qGq) 1 



(3,3)->8/ 
so 



-s/M 



3 3 

(g 2 s GG) 



M*' 



s< 



:(J- 

V327T 4 



64tt 4 



(Is 



A(qq) 2 , (qq)(g s qGq) 1 



My 



A 



-Mf. 



8,l)->8 / e f - U '{ S 0, M B} 



< 



/, 



-Mf. 



, /Ml 



= 7lC«.»H»/( fl0 ,M|) (25) 



(6,3)->8, e 

n^^( S0 ,Ml) 

S \-s/m%( 9 s 2 ^sGG) ^ 

9(qq) 2 17 (qq)(g s qGq) 1 



s 



M%' 



-M: 



Ce,3^xo / /^B =iJ (6,3)^10 /(s0)M 2 ) 



n, 



(6,3)-s-10 



MP 
so 



'(flo.M 



-s/Ml( 9 „ 2 ^(9 2 S GG) 
9(qq) 2 



,256tt 4 



512tt 4 
, 2l(qq)(g s qGq) 1 



M%' 



5 Numerical Analysis 

To perform the numerical analysis, we use the following 
values for the condensates and other parameters, which 
correspond to the energy scale of 1 GeV [26 , 34 , 35, 36, 37 , 

ES1E2ED]: 

(qq) = -(0.240 ± 0.0I0) 3 GeV 3 , 

(ss) = -(0.8 ± 0.1) x (0.240 ± 0.010) 3 GeV 3 , 

(g 2 s GG) = (0.48 ± 0.14) GeV 4 , 

m u = 2.90 ± 0.20 MeV , m d = 6.35 ± 0.27 MeV , 

m s = 125 ±20 MeV, (26) 

(g s qaGq) = -M 2 X (qq) , 

M 2 = (0.8 ± 0.2) GeV 2 . 

As usual we assume the vacuum saturation for higher di- 
mensional operators such as (0\qqqq\0) ~ (0|gg|0)(0|gg|0). 
There is a minus sign in the definition of the mixed con- 
densate (g s q(jGq), which is different from some other QCD 
sum rule calculations. This is because the definition of 
coupling constant g s is different [2"6"ll4"T] . We note that the 
current quark masses of up and down quarks give little 
contributions, and so we obtain almost the same mass for 
baryons belonging to the same isospin multiplet. Conse- 
quently, we do not show these terms in OPEs for simplic- 
ity. 

We perform the QCD sum rule analysis according to 
their chiral representations in the following subsections. 

5.1 Chiral Multiplet [(3,3) © (3,3)] 

To get a good QCD sum rule, the Borel transformed cor- 
relation function 77 (sq, M b ) should be positive as defined 
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Fig. 1. The Borel transformed correlation functions 
II(so, M%) calculated using the singlet baryon field 77 x (left) 
and the octet baryon field r\ s (right), as functions of the 
Borel mass Mb- These fields belong to the chiral representation 
[(3, 3) ©(3, 3)]. The short-dashed, solid and long-dashed curves 
are obtained by setting so = 1.5, 2.5 and 4 GeV 2 , respectively. 



in Eq. (flU|) . However, this can not be achieved for some 
baryon fields. As an example, we show 77(so, M B ) for the 
singlet baryon field n Al at the left hand side of Fig. [TJ We 
show it as a function of the Borel mass Mb , and choose 
so = 1.5, 2.5 and 4 GeV 2 to draw three curves. We find 
that only the one with sq = 4 GeV 2 is (almost) positive in 
our working region 1 GeV 2 < M B < 3 GeV 2 . Therefore, 
in order to obtain a reliable QCD sum rule, we need to 
use a large threshold value sq, and consequently the ob- 
tained baryon mass is large. This suggests that the singlet 
baryon field X] x does not support a baryon mass around 
1 GeV. We would like to note that the baryons having a 
negative parity can also contribute in the hadronic disper- 
sion relation (Eq. (|17[1 ). which is, however, not considered 
in this paper. This was firstly discussed in Ref. [22] for 
heavy baryons. Then it was revisited in Refs. [4U1I4T] for 
general baryons, emphasizing that the elimination of the 
background contribution due to negative-parity baryons is 
essential to ensure the insensitivity of baryonic sum rules 
to the choices of interpolating currents. This new approach 
can be helpful to construct the sum rules using the current 
r\ Al as well as other baryonic currents. 




Biiivl Mass- |GeV-] 



Bi>ivl Mass- |GeV-] 



Fig. 2. The extracted mass of octet baryons, as functions 
of the Borel mass Mb- They belong to the chiral represen- 
tation [(3, 3) © (3, 3)]. The top-left, top-right, bottom-left and 
bottom- right figures are for As, N, S and S, respectively. 



The Borel transformed correlation function 77 (so, M B ) 
for the octet baryon field n As is shown at the right hand 
side of Fig. [TJ We show it as a function of the Borel mass 
M B and choose s Q = 1.5, 2.5 and 4 GeV 2 . We find that all 
curves are positive in our working region 1.5 GeV 2 < sq < 
4 GeV 2 and 1 GeV 2 < A7 2 < 3 GeV 2 . Using these fields, 
we calculate the masses of the octet baryons A, N, S and 
S, which are shown in Fig. [5J Here we do not consider 
the isospin breaking effects, and so the baryons belong- 
ing to the same isospin multiplet have the same mass. 
The obtained masses are about tua = 1.10 ± 0.07 GeV, 
m N = 0.93 ±0.07 GeV, m E = 1.19 ±0.08 GeV and m E = 
1.31±0.09 GeV. The uncertainties are obtained by chang- 
ing Mb in our working region 2 GeV 2 < M B < 3 GeV 2 , 
changing the strange quark mass from m s (l GeV) = 
125 ± 20 MeV to m s (2 GeV) = 96.1 ± 4.8 MeV gS], 
and assuming that the uncertainties of (qq) and (g s qaGq) 
are about 10%. They are compatible/consistent with the 
experimental data: tua = 1116 MeV, m p = 938 MeV, 
m E+ = 1189 MeV and m 3 o = 1315 MeV [46 . We also 
calculate their decay constants using Eq. (fl~9| . The results 
are f A = 0.038 ± 0.004 GeV 3 , f N = 0.031 ± 0.004 GeV 3 , 
fs = 0.042 ± 0.004 GeV 3 and f B = 0.048 ± 0.005 GeV 3 . 



5.2 Chiral Multiplet [(8, 1) © (1, 8)] 




Borel Mass" [GeV z ] 

Fig. 3. The Borel transformed correlation function 77(so, M B ) 
calculated using the octet baryon field £ A , as a function of the 
Borel mass Mb- This field belongs to the chiral representation 
[(8, l)ffi(l, 8)]. The short-dashed, solid and long-dashed curves 
are obtained by setting so = 1.5, 2.5 and 4 GeV 2 , respectively. 



We show the Borel transformed correlation function 
77(s , M B ) for the octet baryon field £, A in Fig.H We find 
that all curves are positive in our working region, and so 
we move on to perform the QCD sum rule analysis. We 
show the obtained masses in Fig. |U The obtained masses 
are about m A = 1.11 ±0.06 GeV, m N = 0.95 ±0.06 GeV, 
m s = 1.23 ± 0.06 GeV and m E = 1.31 ± 0.07 GeV, which 
are compatible/consistent with the experimental data of 
the ground baryon masses |3S] . The results of their decay 
constants are f A = 0.027 ± 0.004 GeV 3 , f N = 0.024 ± 
0.004 GeV 3 , f s = 0.037 ± 0.004 GeV 3 and f 3 = 0.032 ± 
0.004 GeV 3 . 
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Fig. 4. The extracted mass of octet baryons, as functions Fig. 6. The extracted mass of decuplet baryons, as functions 

of the Borel mass Mb ■ They belong to the chiral represen- of the Borel mass Mb ■ They belong to the chiral representa- 

tation [(8,1)0(1,8)]. The top- left, top-right, bottom-left and tion [(6,3) © (3,6)]. The top-left, top-right, bottom-left and 

bottom- right figures are for As, N, £ and S, respectively. bottom-right figures are for A, E* , E* and J?, respectively. 



5.3 Chiral Multiplet [(6, 3) © (3, 6) 



0.005 GeV 3 , f s , = 0.086 ±0.007 GeV 3 , f 3 * = 0.10 ± 
0.01 GeV 3 and fa = 0.13 ± 0.01 GeV 3 . 
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Fig. 5. The Borel transformed correlation functions 
II(so, M B ) calculated using the octet baryon field t/j (left) 
and decuplet baryon field ip E (right), as functions of the 
Borel mass Mb- These fields belong to the chiral representation 
[(6, 3) ©(3, 6)]. The short-dashed, solid and long-dashed curves 
are obtained by setting so = 1.5, 2.5 and 4 GeV 2 , respectively. 



We show the Borel transformed correlation function 
77(srj, M B ) for the octet baryon field ip A at the left hand 
side of Fig. \5\ We show it as a function of the Borel mass 
Mb- We find that only the one with s = 4 GeV 2 is (al- 
most) positive in our working region. Similarly to the fla- 
vor singlet field -q Al , this suggests that the octet field ip A 
does not support a baryon mass around 1 GeV. Neither 
do other octet members ip N , ip s and ijj a . 

We show the Borel transformed correlation function 
II(sq, M B ) for the decuplet baryon field ip s at the right 
hand side of Fig. \5\ as a function of the Borel mass Mb ■ 
We find that all curves are positive in our working region, 
and so we move on to calculate their masses, which are 
shown in Fig. [5] The obtained masses are about vtiA — 
1.21 ± 0.06 GeV, m s * = 1.38 ± 0.07 GeV, m E * = 1.52 ± 
0.08 GeV and mo = 1-66 ± 0.09 GeV, which are compati- 
ble/consistent with the experimental data: m& — 1232 MeV, 
m s * = 1385 MeV, m s * = 1530 MeV and m n = 1672 MeV 
The results of their decay constants are fa = 0.070 ± 



5.4 Chiral Multiplet [(10, 1) ® (1, 10)] 

From Eqs. $T$ and ([31]), we find that the OPEs of the 
decuplet baryon fields belonging to the chiral representa- 
tion [(10, 1) © (1, 10)] are very simple, and so we do not 
perform the QCD sum rule analysis for these fields. 



6 Summary 

We have studied the local baryon fields according to their 
flavor and chiral structures in the QCD sum rule. In this 
work we have only considered the single baryon fields, i.e., 
we did not consider the mixing of baryon fields. We find 
that the sum rule of baryon fields belonging to the same 
chiral multiplet have the same leading term, which means 
that our normalizations in Ref. [T] are well-defined. We 
also find that in the SU(3) limit the fields belonging to 
the same chiral multiplet but different flavor multiplets 
lead to different sum rules. In the OPEs, the gluon con- 
densates are still the same, but the quark condensates are 
different. The latter violate the chiral symmetry, and make 
one chiral multiplet break to several flavor multiplets. 

We use the octet baryon fields belonging to chiral rep- 
resentations [(3,3) © (3,3)] and [(8,1) © (1,8)] to per- 
form the QCD sum rule analysis, and the obtained masses 
are around 1.1, 0.9, 1.2 and 1.3 GeV for A 8 , N, £ and 
S, respectively, which are consistent with the experimen- 
tal data of the ground octet baryon masses. To differen- 
tiate them, we would like to note that the latter one, 
[(8,1) © (1,8)], contains only the gluon condensate, in- 
dicating that it is impervious to chiral symmetry break- 
ing which fact makes it unique among baryon fields. We 
e the decuplet baryon fields belonging to chiral repre- 
sentations [(6,3) © (3,6)], and the obtained masses are 
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around 1.2, 1.4, 1.5 and 1.7 GeV for A, £*, S* and Q, 
respectively, which are also consistent with the experimen- 
tal data of the ground decuplet baryon masses. For other 
baryon fields, their two-point correlation functions are ei- 
ther non-physical (negative) or too simple to be used to 
perform a reliable QCD sum rule analysis. We list our con- 
clusions in Table [TJ We have also calculated their decay 
constants. 

We would like to note that this is our first attempt 
to use the method of QCD sum rule to study the baryon 
fields which are classified in Ref. [16] . In this work only 
the single baryon fields are studied. However, the actual 
baryon is probably a mixture of several different chiral 
representations. In the future we shall study the mixed 
baryon fields, which may improve our understanding of 
the chiral symmetry and its spontaneously breaking. 



Acknowledgments 

We would like to thank V. Dmitrasinovic, A. Hosaka and 
S. L. Zhu for their careful reading and comments. This 
work is partly supported by the National Natural Sci- 
ence Foundation of China under Grant No. 11147140 and 
No. 11205011, and the Scientific Research Foundation for 
the Returned Overseas Chinese Scholars, State Education 
Ministry. 



Hua-Xing Chen: Chiral Baryon Fields in the QCD Sum Rule 9 

Table 1. The obtained masses using the single baryon fields. We show here whether they are consistent with the experimental 
data of ground baryon masses |46| or not. 
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A Operator Product Expansion 

In this appendix, we show the explicit forms of the opera- 
tor product expansions (OPE) for the local baryon fields. 
The QCD sum rule for the singlet baryon field A\ has been 
shown in the previous section and so is not shown here. 



A.l Chiral Multiplet [(3,3) © (3,3)] 

The QCD sum rules for the octet baryons belonging to 
the chiral representation [(3, 3) © (3, 3)] are 
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A.3 Chiral Multiplet [(6,3) © (3,6)] 
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A.2 Chiral Multiplet [(8, 1) © (1, 8)] 

The QCD sum rules for the octet baryons belonging to 
the chiral representation [(8, 1) © (1, 8)] are 
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The QCD sum rules for the decuplet baryons belonging 
to the chiral representation [(6, 3) © (3, 6)] are 
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A.4 Chiral Multiplet [(10, 1) © (1, 10)] 

The QCD sum rules for the decuplet baryons belonging 
to the chiral representation [(10, 1) © (1, 10)] are 
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